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In this study a simple route to preparing photochromic silver nanoparticles in a TiO2 matrix is
presented, which is based upon sputtering and subsequent annealing. The formation of silver
nanoparticles with sizes of some tens of nanometers is confirmed by x-ray diffraction and
transmission electron microscopy. The inhomogeneously broadened particle-plasmon resonance of
the nanoparticle ensemble leads to a broad optical-absorption band, whose spectral profile can be
tuned by varying the silver load and the annealing temperature. Multicolor photochromic behavior
of this Ag–TiO2 system upon irradiation with laser light is demonstrated and discussed in terms of
a particle-plasmon-assisted electron transfer from the silver nanoparticles to TiO2 and subsequent
trapping by adsorbed molecular oxygen. The electron depletion in the nanoparticles reduces the light
absorption at the wavelength of irradiation. A gradual recovery of the absorption band is observed
after irradiation, which is explained with a slow thermal release of electrons from the oxygen
trapping centers and subsequent capture into the nanoparticles. The recovery can be accelerated by
ultraviolet irradiation; the explanation for this observation is that electrons photoexcited in the TiO2
are captured into the nanoparticles and restore the absorption band. © 2005 American Institute of
Physics. fDOI: 10.1063/1.1888044g
INTRODUCTION
Photochromic materials reversibly change their color un-
der illumination. They have been suggested for a wide range
of applications including information storage1 and large-
scale displays.2 Silver halide photochromic glasses were re-
ported as early as 1964.3 Two other classes of inorganic
photochromic materials have been widely studied: rare-
earth-doped glasses4,5 and thin films of transition-metal
oxides.6,7
Recently, multicolor photochromism was reported in
nanocomposite Ag–TiO2 films. These films consist of Ag
nanoparticles embedded in anatase TiO2 and were prepared
photocatalytically using the sol-gel technique.8,9 Here, the
photochromic effect relies on reversible spectral hole burn-
ing in the particle-plasmon band of the particles. Particle
plasmons are collective oscillations of conduction electrons
and generally show themselves as pronounced resonances in
optical spectra of metal nanoparticles. The photochromic ef-
fect adds an interesting new aspect to the rich optical behav-
ior known from Ag nanoparticles and clusters, such as light
scattering and absorption,10 nonlinear signal enhancement,11
electroluminescence,12 and photoactivated fluorescence.13
The anatase phase of TiO2 is a well-known photocatalytic
material; it is chemically stable and optically transparent.14
Chemical, such as sol gel,15,16 and physical, such as ion im-
plantation and cosputtering,17–19 techniques have been used
to deposit noble metals in TiO2 for various applications.
Naoi et al.9 have suggested several applications, includ-
ing rewritable or electronic paper, for the photochromic
Ag–TiO2 films, once they can be easily prepared and applied
to large areas. These requirements are typically best met by
films deposited using magnetron sputtering. Films obtained
by magnetron sputtering are used for a wide range of
applications.20 In this paper, we report on magnetron-
sputtered Ag–TiO2 films with photochromic functionalities.
Ag nanoparticles are formed in a TiO2 matrix by sequentially
sputtering from Ag and Ti targets and annealing the resulting
films. The Ag particles that are formed during the thermal
treatment are characterized using x-ray diffraction and trans-
mission electron microscopy. The particles, whose sizes are
some tens of nanometers, lead to a broad optical-absorption
band across the visible range. The mechanisms of photo-
chromic changes in response to visible and ultraviolet light
are studied. Spectral holes are burned into the absorption
band by irradiation with laser light of different wavelengths.
The spectral hole burning is discussed in terms of plasmon-
assisted electron transfer from the silver nanoparticles into
the TiO2 conduction band and electron trapping by adsorbed
molecular oxygen, resulting in an electron depletion in theadElectronic mail: cdahmen@physik.rwth-aachen.de
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nanoparticles. The spectral hole can be removed by capture
of electrons from the TiO2 conduction band into the nano-
particles.
EXPERIMENT
Ag–TiO2 nanocomposite films were deposited on glass,
silicon, and quartz substrates by direct current sdcd magne-
tron sputtering. In a first step, an amorphous TiO2 layer was
deposited by sputtering a Ti target at a constant pressure of
1 Pa and a cathode current of 900 mA in an oxygen–argon
atmosphere. Then a Ag target was sputtered in a pure-argon
atmosphere at a total pressure of 0.8 Pa and a cathode cur-
rent of 170 mA. The amount of silver sputtered was varied
between film thickness equivalents of 6 and 15 nm; these
film thickness equivalents were determined by sputtering di-
rectly onto a glass substrate under otherwise identical condi-
tions and measuring the thickness of the resulting Ag film
using x-ray reflectometry. Subsequently, a second TiO2 layer
was sputtered under the conditions given above. All the sput-
tering processes took place at a background pressure of
10−6 mbar. Unless stated otherwise, the total TiO2 film thick-
ness sputtered was 60 nm. For comparison, we also prepared
pure TiO2 films under identical conditions.
The Ag–TiO2 films deposited on glass and quartz were
subjected to x-ray diffraction sXRDd and optical character-
ization, respectively. The films were then heated to various
temperatures at a heating rate of approximately 10 °C/min
in an argon atmosphere; they were subsequently annealed for
1 h at this temperature. Grazing incidence x-ray diffraction
sl=1.542 Åd analysis was performed to determine the struc-
ture of the films. Transmission electron microscopy sTEMd
was employed on Ag–TiO2 films deposited on Si substrates
to confirm the formation of Ag nanoparticles in the TiO2
matrix and to determine the lateral size of these nanopar-
ticles. For the optical characterization of the films, transmit-
tance and reflectance were measured before and after laser
irradiation. Spots with areas of 3–5 mm2 were irradiated us-
ing a blue-green Argon-ion laser sl=488 nmd, a green
neodymium-doped yttrium vanadate sNd:YVO4d laser sl
=532 nmd, and a red helium–neon laser sl=633 nmd in am-
bient air in a dark room. The optical transmittance Tsld and
reflectance Rsld of the illuminated spots were determined
immediately after laser illumination. The absorptance Asld
of the spots was calculated using the relation21 Asld=1
−Tsld−Rsld. These spots were optionally illuminated with
light from an ultraviolet lamp sHanau Fluotest, l=365 nmd.
RESULTS AND DISCUSSION
Nanoparticle formation
The grazing incidence XRD scans of the nanocomposite
films sFig. 1d illustrate the state of the silver in the various
stages of film treatment. The lowest graph shows the XRD
scan performed on the as-deposited sample. The only promi-
nent feature is the broad shoulder around 26° corresponding
to the amorphous TiO2 matrix. Apparently, the silver present
inside the system is finely dispersed in the amorphous TiO2
matrix. In contrast, Ag peaks are clearly visible in the XRD
scan snot shown hered of a sample with no second TiO2 layer
sputtered on top of the silver. It has been shown recently22
that during reactive magnetron sputtering of transition-metal
oxides, energetic oxygen ions with sufficient energy for
structural modification of the growing film are present. We
therefore suggest that the dispersion of the Ag layer, which is
apparent from the XRD scan of the Ag–TiO2 films, results
from the impinging, energetic oxygen ions formed while the
second layer of TiO2 is sputtered. In contrast to as-deposited
samples, XRD scans of films annealed at 300 and 500 °C
show pronounced Ag peaks. Evidently, Ag particles have
been formed inside the TiO2 matrix, driven by the trend to
minimize the Ag/TiO2 interfacial energy. Figure 2 shows
TEM photographs of a sample annealed at 300 °C with a
silver film thickness equivalent of 13 nm and a total TiO2
film thickness of 70 nm. In the cross-sectional view fFig.
2sadg the silver nanoparticles lined up in the TiO2 matrix on
the silicon substrate are clearly visible. As shown in the top
FIG. 1. Grazing incidence x-ray diffraction scans of Ag–TiO2 films sAg
film thickness equivalent: 12 nmd and a Ag-free TiO2 film. In the as-
deposited film, no silver peaks are evident, which indicates that the silver is
finely dispersed in the amorphous TiO2. Upon annealing, silver nanopar-
ticles are formed and peaks sAgd can be observed in the XRD profiles.
Annealing at 500 °C results in the crystallization of the TiO2 into the ana-
tase phase sAd. Pure TiO2 stop scand films already exhibit anatase peaks sAd
after annealing at 300 °C. Incorporated Ag, therefore, delays the crystalli-
zation of TiO2.
FIG. 2. TEM photographs sleft: cross-section; right: top viewd of Ag nano-
particles in amorphous TiO2 annealed at 300 °C. The particles show a broad
variety in shape and size, and some facetting.
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view in Fig. 2sbd the particles have a broad size and shape
distribution; lateral diameters varying from 10 nm up to
25 nm are estimated from the TEM picture, and the particles
are partly facetted.
The XRD scan of the sample annealed at 500 °C shows
another interesting aspect. The additional peaks sas com-
pared to the sample annealed at 300 °Cd show that crystalli-
zation of the TiO2 to the anatase phase has taken place.
Amorphous TiO2 without Ag load, sputter deposited under
identical conditions, would crystallize in the form of anatase
after 1 h of annealing at around 300 °C, as shown in the top
scan in Fig. 1 scf. Ref. 23d. In contrast, crystallization of
TiO2 loaded with Ag is delayed; according to the XRD
scans, the films still remain amorphous at an annealing tem-
perature of 450 °C snot shown hered, while during annealing
at 500 °C, crystallization to the anatase phase finally takes
place. We understand the delayed crystallization as another
indication of the fine dispersion of silver in the amorphous
TiO2 matrix during the sputter process; the presence of silver
atoms appears to increase the activation barrier for crystalli-
zation. Similar phenomena have also been reported for an
incorporation of Fe in TiO2 sRef. 24d and for sol-gel-
prepared Ag–TiO2 films.25
Optical properties
Figure 3 shows optical-absorption spectra for varying
annealing temperatures and Ag loads. The data shown in Fig.
3sad for the as-deposited film show no absorption character-
istic of Ag particles and thus confirm the observation made
above regarding the absence of such particles. The absorp-
tion edge below 400 nm is due to interband transitions in the
TiO2, which has a band-gap energy of 3.2 eV. For the film
annealed at 300 °C, a broad absorption band centered at
around 550 nm is visible. It is caused by the particle-
plasmon resonance of the Ag nanoparticles; this resonance is
inhomogeneously broadened due to a broad distribution of
particle sizes and shapes in the films, and due to possible
inhomogeneities in the dielectric environment of the
particles.9 A higher annealing temperature leads to a slight
increase in absorptance, presumably due to a growth of par-
ticles at the cost of the Ag finely dispersed in the TiO2 ma-
trix. The maximum of the absorptance spectrum is shifted to
larger wavelengths upon annealing at 500 °C, presumably
due to the particle growth. It is well known that the particle-
plasmon resonance is a function of particle shape and
size10,26 and increasing particle size generally leads to a red-
shift of the resonance position.27,28 An alternative explana-
tion of the absorptance shift in terms of a change in the
dielectric properties of the matrix cannot apply, since earlier
studies23 have shown that the change in refractive index
which the TiO2 matrix undergoes during the phase transition
from the amorphous to the anatase phase is less than 2%.
Mie theory29 calculations for spherical particles show that a
change of this order of magnitude would shift the resonance
wavelength by only approximately 10 nm. Figure 3sbd shows
absorptance spectra for films with various Ag loads annealed
at 300 °C. At long wavelengths a strong dependence on Ag
load sas given by the film thickness equivalentd is observed.
This is consistent with the process of particle formation sug-
gested above. The amount of silver initially present in the
system determines the maximum particle size attainable and
therefore controls the long-wavelength absorption of the sys-
tem. Similarly, the annealing temperature controls silver ag-
gregation into nanoparticles. Both parameters together allow
the tuning of the absorption properties in the visible range.
Photochromic behavior
In the previous two sections we have demonstrated the
formation of Ag nanoparticles in sputter-deposited Ag–TiO2
nanocomposite films and analyzed the influences of anneal-
ing temperature and initial silver amount on the optical prop-
erties. In this section, the photochromic behavior is exam-
ined.
In Fig. 4 we show the change in absorptance upon laser
irradiation at a wavelength of l=488 nm, corresponding to a
photon energy of 2.54 eV, and at an irradiation time of 1 h.
The power density on the irradiated spots was
<20 mW/mm2. Samples with a Ag load of 12 nm are used
for this experiment. The samples were annealed at 500 °C
FIG. 3. Absorptance spectra of Ag–TiO2 films with a Ag load of 13-nm
film thickness equivalent, annealed at different temperatures sad and of
Ag–TiO2 films with various silver loads annealed at 300 °C sbd. The an-
nealed films show a broad absorption band across the visible range caused
by the particle-plasmon resonance of the Ag nanoparticles. Increasing the
annealing temperature leads to the formation of larger particles absorbing at
longer wavelengths. Similarly, the initial amount of silver present in the
system allows for tuning the width and height of the absorption in the region
between 500 and 800 nm.
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prior to laser irradiation to form a crystalline TiO2 matrix. As
a result of the laser irradiation, a deep minimum is observed
in the differential absorptance spectrum at the laser wave-
length sindicated by the arrowd. Similar spectral holes are
obtained upon laser irradiation at l=532 nm and l
=633 nm, respectively snot shownd. The intensity depen-
dence of the spectral hole is examined by irradiating identi-
cal samples at various power densities sl=532 nmd. The ir-
radiation time was 1 min in each case. Figure 5 shows the
spectral hole depth sgiven as the maximum change in absorp-
tance with respect to the nonirradiated stated for power den-
sities between 1.5 and 47 mW/mm2. The spectral hole depth
increases linearly with increasing laser power density, up to a
density of 15 mW/mm2. At larger power densities, satura-
tion sets in. After removal of the laser irradiation, the spec-
tral hole gradually disappears on a time scale of several
hours up to days at room temperature; the recovery time of
the particle-plasmon band appears to depend on the precise
preparation conditions of the samples. The recovery can be
accelerated by storing the samples at elevated temperatures.
Two samples irradiated at l=532 nm and a power density of
7.5 mW/mm2 were stored in an oven at 70 and 100 °C,
respectively. After 1 h, the spectral hole depth of the 70 °C
sample was reduced by 9% as compared to the state imme-
diately after laser irradiation, while that of the 100 °C
sample was reduced by 14%.
Spectral hole burning has previously been observed by
Ohko et al.8 on sol-gel Ag–TiO2 films. They interpreted this
photochromic behavior as due to photoinduced electron
emission from the Ag nanoparticles. However, the precise
nature of this emission has remained unclear. In the follow-
ing, we wish to elucidate this point in more detail.
The linear power dependence shown in Fig. 5 indicates
that the electron emission does not originate from two-
photon photoemission nor higher-order multiphoton
processes30 but must be due to a one-photon process. Fur-
thermore, since the laser wavelength lies in the particle-
plasmon band, the incident photons will excite particle plas-
mons si.e., collective oscillations of the conduction electrons
in the silver nanoparticlesd rather than individual electron
transitions. It is well known that particle plasmons decay into
other electron excitations on a time scale of a few tens of
femtoseconds.10,28,30,31 In Ag nanoparticles these excitations
occur predominantly within the conduction band, since the
particle-plasmon resonance is far below the 4d-5sp interband
absorption edge of silver at 3.87 eV.32 The energy of these
excitations is sufficient to promote electrons across the
boundary between Ag and TiO2 provided that the potential
barrier between the two materials is low enough. The height
of the Schottky barrier33,34 between Ag and TiO2 may be
estimated using the fact that TiO2 shows little Fermi-level
pinning.35 For anatase TiO2 films an electron affinity of
3.9 eV has been calculated from transport experiments.35
Subtracting this value from the silver work function s4.3 eV,
Ref. 36d, we obtain a Schottky barrier height of 0.4 eV with
respect to the Fermi energy in the metal. This barrier height
is low enough for electrons to be promoted from the Fermi
sea of silver into the conduction band of the TiO2. This emis-
sion process results in a depletion of conduction electrons
and thus a positive charging of the nanoparticles. According
to simple electrostatics, the remaining conduction electrons
will rearrange themselves such that a positively charged
layer forms in the nanoparticles at the Ag–TiO2 boundary. It
is plausible that this layer will consist of Ag+ ions; indeed,
the presence of Ag+ ions has been observed in recent x-ray
photoelectron spectroscopy measurements on Ag/TiO2
nanocomposites.25 While the transformation of metallic Ag
to Ag+ has been suggested by Ohko et al.8 to be the cause of
the absorption change observed within the particle-plasmon
band, the precise mechanism of this change is not entirely
clear. It may be caused by a reduction of the particle-
plasmon oscillator strength due to the shrinkage of the me-
tallic Ag core and/or by a redshift of the particle-plasmon
resonance frequency due to the reduced conduction electron
density, as suggested by Kreibig et al.29 and by Hilger for the
case of electron transfer from Ag nanoparticles to C60
acceptors.37 In either case, the saturated behavior at large
laser power densities in Fig. 5 indicates that the electron
depletion resulting from intense or prolonged irradiation ul-
timately limits the electron emission from the nanoparticles.
This limitation may be caused by a change in the potential
barrier caused by the growth of the Ag+ layer.
FIG. 4. Difference in absorptance swith respect to the nonilluminated stated
of a Ag–TiO2 system as described in the text after blue-green laser irradia-
tion sl=488 nmd. A decrease of the absorptance is clearly visible at the
wavelength of irradiation sarrowd.
FIG. 5. Change in absorptance swith respect to the nonirradiated stated at the
position of the spectral hole in a Ag–TiO2 film after green laser irradiation
at l=532 nm for 1 min, as a function of laser power density. A linear rela-
tion between spectral hole depth and power density is observed for densities
up to 15 mW/mm2 sthe dashed line is a guide to the eyed. At larger power
densities, saturation sets in.
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The spectral hole burned into the inhomogeneously
broadened particle-plasmon band persists for some hours up
to several days after the laser irradiation has been removed.
This implies that the electrons transferred from the nanopar-
ticles to the conduction band of TiO2 are not immediately
recaptured by the positively charged particles but are trapped
by some trapping centers in the TiO2. It is known from stud-
ies on semiconducting gas sensors that adsorbed molecular
oxygen can act as an efficient trapping center for electrons in
the conduction band of semiconductors.38,39 It is therefore
likely that the trapping centers involved in the present pro-
cess consist of molecular oxygen adsorbed at the surface of
the thin TiO2 film in the vicinity of the nanoparticles, result-
ing in the formation of O2
−
. This assumption is supported by
the observation made in Ref. 8 that the spectral hole burning
process strongly depends on the atmospheric environment.
No spectral hole burning was observed under N2
atmosphere.8 This finding can be explained with the absence
of adsorbed oxygen acting as trapping centers; the emitted
electrons are thus immediately recaptured by the positively
charged nanoparticles during the laser irradiation. In con-
trast, in the presence of atmospheric oxygen, enough ad-
sorbed oxygen is available for electron trapping. The recap-
ture process then takes very long, since thermal release of
electrons from the trapping centers to the TiO2 conduction
band will be slow at room temperature. The thermal release
is expected to be accelerated at elevated temperatures; this
expectation is confirmed by our observation that the recovery
of the particle-plasmon band is faster at 100 °C than at
70 °C. Assuming that the recovery is solely limited by ther-
mal activation of carriers from the traps to the TiO2 conduc-
tion band rather than by transport to the, and capture into, the
nanoparticles, the difference in recovery rates at the two tem-
peratures allows us to make a rough estimate of the trap
depth swith respect to the conduction-band edged, yielding
<0.2 eV. This estimate is in reasonable agreement with the
depth of surface trap states recently determined for polycrys-
talline TiO2 films s0.185 eVd.40
We have observed that the removal of the spectral hole
can be accelerated by irradiation with an ultraviolet light of
3.4-eV photon energy. A similar observation has been made
by Ohko et al.8 We explain this acceleration as follows:
Since the photon energy of the ultraviolet light s3.4 eVd is
greater than the band-gap energy of TiO2 s3.2 eVd, electron–
hole pairs are optically excited in the TiO2 matrix. The elec-
trons photogenerated by the ultraviolet irradiation are at-
tracted towards the positively charged nanoparticles and
captured by them. The nanoparticles are thus discharged and
the particle-plasmon line is restored. Presumably the photo-
generated holes will eventually recombine with the electrons
that are thermally released from the oxygen trapping centers.
Figure 6 demonstrates the cyclability of the photo-
chromic process. A spectral hole was first burned by irradia-
tion with a red light sl=633 nmd for 1 h. After UV irradia-
tion sl=365 nmd, the absorption is practically restored to its
original value. This photochromic cycle can be repeated by
alternating irradiation at 633- and 365-nm wavelengths. The
cyclability of the photochromic process in our sputter-
deposited Ag–TiO2 films is thus similar to that recently
demonstrated for sol-gel-processed Ag–TiO2 films.8
CONCLUSION
We have presented a method for preparing photochromic
Ag nanoparticles in a TiO2 matrix using dc magnetron sput-
tering followed by thermal treatment. We have demonstrated
that the particle-plasmon line of the Ag nanoparticles can be
controlled by varying the amount of Ag present in the
Ag–TiO2 system and the annealing temperature. By irradi-
ating the system with blue-green, green, or red laser light,
spectral hole burning has been achieved. We explain the
photochromic process by electron emission into the TiO2
conduction band from those Ag nanoparticles whose particle-
plasmon resonance wavelength matches the laser wave-
length. The electrons are subsequently trapped by adsorbed
oxygen near the Ag nanoparticles. A gradual recovery of the
particle-plasmon band is observed after irradiation, which is
explained with a slow thermal release of electrons from the
trapping centers and subsequent capture into the nanopar-
ticles. The recovery can be accelerated by ultraviolet irradia-
tion; the explanation for this observation is that electrons
photoexcited in the TiO2 are captured into the nanoparticles
and thus restore the absorption band.
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